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EFFECT OF OPERATING PARA_iTERS 
ON PERFORMANCE OF STANDARD THRUSTER 

* 
by GI Palumbo and R. Vahrenkamp 

I n  an e f fo r t  t~ improve t h r u s t e r  performance by t h e  
reduct ion  of d ischaxge  and impingement losses, t h e  e f f e c t s  
of g r i d  spacing,  a c c e l e r a t o r  p o t e n t i a l ,  cathode flow rate ,  
and main magnetic f i e l d  i n t e n s i t y  w e r e  considered. Through 
an i n v e s t i g a t i o n  of t h e s e  parameters,  a base ope ra t ing  con- 
d i t i o n  has  been e s t a b l i s h e d .  

The i n t e r r e l a t i o n  of g r i d  spacing,  magnetic f i e l d ,  and 
accelerator potent ia l  was determined by a v a r i a t i o n  of t h e s e  
parameters a t  a c o n s t a n t  main and cathode flow of 6 . 1  and 0 .7  

gm/hr r e s p e c t i v e l y .  The keeper c u r r e n t  w a s  he ld  cons t an t  
a t  0 . 1  amperes. 

Because of warpage, an exac t  measure of g r i d  spacing w a s  
d i f f i c u l t  t o  achieve  wi th  an ord inary  f e e l e r  gauge. However, 
knowing t h e  l o c a t i o n  and t h e  amount of t h e  warpage of each 
g r i d , ' a  reasonable  spacing could be obtained.  The range of 
spacing w a s  from -045 i n , t o  .085 i n .  The magnet c u r r e n t ,  
ranging f r o m  0 . 1 t o  3.0  amps, w a s  va r i ed  a t  each g r i d  spac ing ,  
as was t h e  accelerator p o t e n t i a l  which ranged from 1 . 0  t o  
2 .0  k i l o v o l t s .  

Apparatus 

Descr ip t ions  of t h e  vacuum f a c i l i t y  and experimental  
apparatus  have been repor ted  previously1; here  t h e  concern 
is mainly i n  d e s c r i b i n g  t h e  changes t h a t  w e r e  made i n  ord-er 
t o  f a c i l i t a t e  t h e  r e sea rch  and t o  improve t h e  r e l i a b i l i t y  
of t h e  d a t a o  The keeper  has been changed from t h e  o r i g i n a l  

* 
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loop of thermocouple w i r e  t o  a r ec t angu la r  s t r i p  of  r e f r a c t o r y  
m e t a l  wi th  a c e n t r a l  ho le .  The advantages of t h i s  new keeper 
are due t o  t h e  exac t  l o c a t i o n  of  t h e  h o l e  wi th  r e s p e c t  t o  t h e  
cathode t i p  and improved r e s i s t a n c e  t o  melting. The c i r c u i t r y  
w a s  s i m p l i f i e d  by e l imina t ing  t h e  s t a r t e r  supply so t h a t  t h e r e  
i s  no need f o r  t h e  diode i n  series with t h e  low vo l t age  keeper 

t 

SUPPlY 
The cathode remains unchanged, b u t  i t s  vapor izer  h e a t e r  

was moved 1 0  crn. f u r t h e r  back i n  o rde r  t o  prevent  hea t ing  of 
t h e  vapor i ze r  by t h e  cathode h e a t e r .  Subsequent i n s t a b i l i t y  
and d i f f i c u l t y  i n  ope ra t ing  t h e  t h r u s t e r ,  probably due t o  
vapor condensation i n  t h e  p ipe  between t h e  h e a t e r  and t h e  
cathode, forced r e l o c a t i o n  of t h e  heater t o  i t s  former p o s i t i o n .  
T h i s  ac t ion '  c o r r e c t e d  t h e  i n s t a b i l i t i e s .  

The feed  system w a s  also improved by adding a r e s e r v o i r  
and va lve  f o r  each feed  l i n e  so t h a t  t h e  r e f i l l i n g  could be 
accomplished dur ing  engine ope ra t ion  without  t u rn ing  o f f  t h e  
high vol tage .  This  procedure ensures  v e r s a t i l i t y  and s a f e t y .  

The ins t rumenta t ion  has  been improved by us;-ng-a d i g i t a l  
vol tmeter  (D.V.M.) t o  measure vo l t age  and c u r r e n t  f o r  t h e  arc 
and magnet. A s e p a r a t e  D.V.M. i s  being used t o  measure beam 
and impingement c u r r e n t .  Each D.V.M. has  been c a l i b r a t e d  
a g a i n s t  a c a l i b r a t e d  power supply d r i v i n g  a p r e c i s i o n  r e s i s t o r .  
The c u r r e n t s  are measured through t h e  vo l t age  drop ac ross  a 
p r e c i s i o n  r e s i s t o r  of  1 ohm, so  t h a t  t h e  reading i n  v o l t a g e  i s  
equ iva len t  t o  t h e  c u r r e n t .  

An o s c i l l o s c o p e  i s  used t o  monitor t h e  arc c u r r e n t  i n  
order  t o  observe f l u c t u a t i o n s  i n  t h e  discharge.  The D.V.M. 

f o r  t h e  arc, and magnet measurements, and t h e  osc i l l o scope  a r e  
i s o l a t e d  from ground and loca ted  i n  a cab ine t  protected. from 
t h e  o p e r a t o r ' s  s i d e  by a l u c i t e  door. 

s i g n a l s  from t h e  a r c  v a r i a b l e s ,  keeper ,  and magnet ac ross  t h e  
D.V.M. I n  a d d i t i o n ,  a l l  t h e s e  can be v i s u a l i z e d  on t h e  scope 
so a? t o  i s o l a t e  t h e  source of i n s t a b i l i t y .  

A switch loca ted  i n  t h e  s a m e  c a b i n e t  can be used t o  connect 
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E f f e c t  of Grid Spacing 
I 

The e f f $ c t  of g r i d  spacing on d ischarge  ev/ion i s  shown 

i n  F igures  1 and 2 as a func t ion  of magnet c u r r e n t  and of 
a c c e l e r a t o r  v o l t a g e .  Data c o l l e c t e d  a t  a g r i d  spacing of 
,045-in a r e  n o t  p re sen ted  because of cons iderable  i n s t a b i l i t i e s  
a t  t h i s  spacing w h i c h  preclude ope ra t ion  above a m a s s  u t i l i -  
z a t i o n  of 85%. The e f f e c t  of g r i d  spacing,  a t  va r ious  vol tages , '  
on impingement w a s  then  inves t iga t ed .  The r e s u l t s  a r e  shown 
i n  Figure 3 .  

From t h e  d a t a  r epor t ed  here  on t h e  e f f e c t  of g r i d  spac ing ,  
it i s  ev iden t  t h a t  t h e r e  i s  a s i g n i f i c a n t  decrease i n  d ischarge  
l o s s e s  a t  t h e  closer g r i d  spacings.  However, t h e  impingement 
seems t o  b e  r e l a t i v e l y  unaf fec ted  by g r i d  spacing. I t  i s  
be l ieved  t h a t  t h e  vacuum tank p res su re  i s  respons ib le  f o r  t h i s ,  
s i n c e  it i s  somewhat high i n  t h e  b e l l  j a r .  Gauge measurements 
i n  t h e  tank i n d i c a t e  about 1 x t o r r ,  while  "upstream" of 
t h e  t h r u s t e r ,  t h e  gauge reading i n d i c a t e s  a p re s su re  of  7 x 
to r r .  A t  t h e  a c c e l e r a t o r  e l e c t r o d e s ,  t h e  p re s su re  i s  probably 
in t e rmed ia t e  t o  t h e s e  two extremes. 

The l i m i t  of c l o s e s t  o p e r a t i o n a l  g r i d  spacing (0 .055  inch)  
i s  also assumed t o  be a func t ion  of t h i s  pressure .  

Ef fec t  of Acce lera tor  Voltage 

Discharge losses f o r  s e v e r a l  sets of a c c e l e r a t o r  vo l tages  
are shown i n  F igure  4 .  From t h e s e  d a t a  it i s  c l e a r  t h a t  
d i scharge  l o s s e s  are s i g n i f i c a n t l y  reduced f o r  t h e  g r e a t e r  
a c c e l e r a t o r  v o l t a g e s .  

E f f e c t  of Tota l  Flow Rate 

a t  Standard B a s e  Operating Conditions 

I From t h e  foregoing  d a t a ,  t h e  fol lowing base condi t ion  
f o r  f u t u r e  t h r u s t e r  r e sea rch  was e s t a b l i s h e d :  
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1) 

2) 

3 )  

The 
w a s  then 

The h igh  v o l t a g e  wouldlbe maintained a t  +2 KV. 

The,magnet would be  i n  t h e  1.7-2.0 amp range. This  
allows a wider  range of mass u t i l i z a t i o n  t o  be ob- 
t a i n e d ,  w i thou t  a s i g n i f i c a n t  effect  on t h r u s t e r  
performance. 

The g r i d  spac ing  would be  .060 i n .  This was chosen 
mainly for s t a b i l i t y  reasons ,  s i n c e  excess ive  a r c i n g  
w a s  occuscing a t  t h e  c l o s e r  spacings.  

e f f e c t  of t o t a l  flow r a t e ,  a t  t h e s e  base cond i t ions ,  
determined and t h e  r e s u l t s  a r e  shown i n  F igures  5 

and 6. I n  o b t a i n i n g  t h e s e  d a t a ,  both t h e  cathode and main 
flows were a d j u s t e d  so t h a t  a cons t an t  d i scharge  vo l t age  of 
approximately 35 volts was maintained. Any inc rease  i n  main 
flow r e s u l t e d  i n  a decrease  of cathode f l o w .  

Discussion 

I t  i s  e v i d e n t  f r o m  Figures  1 and 2 t h a t  t h e  performance 
i s  increased  by dec reas ing  t h e  spacing. The d i s t a n c e  and 
vo l t age  d i f f e r e n c e  between t h e  sc reen  g r i d  and t h e  a c c e l e r a t o r  
g r i d  set  t h e  f i e ld  s t r e n g t h  and t h e  p e n e t r a t i o n  of t h e  s a m e  
i n  t h e  main d i scha rge  chamber. Such p e n e t r a t i o n  e f f e c t s  t h e  
e x t r a c t i o n  s u r f a c e  €or t h e  ion  and t h e  focusing of t h e  s a m e  
o u t  of t h e  chamber- 

Increas ing  the f i e l d  s t r e n g t h  by e i t h e r  i nc reas ing  t h e  
high vo l t age  o r  simply by reducing t h e  spacing a t  a given 
vo l t age  w i l l  r e s u l t  i n  an i n c r e a s e  of t h e  electric f i e l d  
s t r e n g t h ,  and as a consequence a deeper f i e l d  p e n e t r a t i o n  
and an i n c r e a s e  of i o n  e x t r a c t i o n  s u r f a c e  a rea .  This w i l l  
r e s u l t  i n  a h ighe r  beam c u r r e n t  and decrease of d i scharge  
l o s s e s .  This  trend w i l l  be  e f f e c t i v e  up t o  a p o i n t  beyond 
which o t h e r  d e t r i m e n t a l  e f f e c t s  w i l l  be important ,  such a s  
increased  accelerator c u r r e n t .  The sudden inc rease  of ev/ion 
below t h e  0.055-inch spac ing ,  and t h e  i n s t a b i l i t y  i n  t h e  
running cond i t ion ,  sugges t  t h a t  a t  t h e  ope ra t ing  p res su re  t h e  
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break-down vo l t age  could be reached a t  which a d ischarge  
could be se t  up between t h e  two g r i d s .  

The e f f e c t  of  magnet c u r r e n t  i s  c l o s e l y  r e l a t e d  t o  t h e  
Larmor r a d i u s  of the e l e c t r o n s  and t o  d i f f u s i o n  and i n s t a b i l i t y  
effects. By i n c r e a s i n g  t h e  m a g n e t c u r r e n t ,  t h e  f i e l d  s t r e n g t h  
inc reases ,  t h e  Larmor r a d i u s  decreases, and thus  by conf in ing  
t h e  e l e c t r o n s  closer t o  a f i e l d  l i n e  more c o l l i s i o n s  w i l l  
occur and thus  w i l l  have as a consequence a longer  pa th  l e n g t h  
f r o m  cathode t o  anode. The i n c r e a s e  of  c o l l i s i o n s  w i l l  i n -  
crease t h e  p r o b a b i l i t y  of  i o n i z a t i o n  i n  t h e  chamber and t h i s  
w i l l  r e s u l t  i n  a h ighe r  i on  dens i ty  so t h a t  a t  t h e  same a r c  
power h ighe r  beam c u r r e n t  can be e x t r a c t e d .  The d ischarge  
l o s s e s  w i l l  decrease because t h e  r a t i o  arc-power/beam-current 
w i l l  go down. When t h e  e l e c t r o n s  have had enough c o l l i s i o n s  t o  
lose a l l  t h e i r  energy be fo re  reaching t h e  anode, a f u r t h e r  
i nc rease  of f i e l d  s t r e n g t h  w i l l  n o t  improve t h e  p r o b a b i l i t y  of 
i o n i z a t i o n ,  and w i l l  only inc rease  t h e  p o s s i b i l i t y  of plasma 
i n s t a b i l i t y .  P l a s m a  i n s t a b i l i t y  w i l l  i n c r e a s e  d i f f u s i o n  of 
e l e c t r o n s  t o  t h e  anode thereby decreas ing  i o n i z a t i o n  proba- 
b i l i t y ,  and an i n c r e a s e  of d i scharge  losses w i l l  r e s u l t .  

i n  t h e  i n c r e a s e  of  n e u t r a l  dens i ty  i n  t h e  chamber, and thus  
h igher  r a t e  of i o n i z a t i o n .  T h i s  w i l l  i n c r e a s e  t h e  ion  d e n s i t y  
and a h ighe r  beam-current w i l l  r e s u l t  a t  t h e  same arc  power. 
A s  a consequence, t h e  discharge l o s s e s  w i l l  decrease and t h e  
performance w i l l  i n c r e a s e .  

The major e f fec t  of i nc reas ing  t h e  t o t a l  flow ra te  i s  

Conclusions 

The main conclusions from t h i s  p o r t i o n  of t h e  i n v e s t i -  
g a t i o n  a r e :  

1) There i s  a s i g n i f i c a n t  decrease  i n  d ischarge  l o s s e s  
a t  t h e  c l o s e r  g r i d  spacings.  

.2) There i s  an optimum magnet c u r r e n t ,  a 8  f a r  a s  d i scharge  
l o s s e s  a r e  concerned, b u t  a f t e r  a c e r t a i n  c u r r e n t  i s  
reached t h e r e  i s  l i t t l e  e f f e c t  over  a wide range.  

3 )  I n  t h e  range i n v e s t i g a t e d ,  increased  t o t a l  flow r a t e  
tended t o  i n c r e a s e  t h e  performance. 
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CONICAL BAFFLE 

by R. Vahrenkamp and G. Palumbo 

The importance of  t h e  b a f f l e  i s  t o  s e p a r a t e  t h e  two 
d ischarge  reg ions  t h a t  c o n t r o l  t h e  t h r u s t e r  performance. 
The open area i s  the most important p a r t  of t h e  b a f f l e  
reg ion  because it i n f l u e n c e s  t h e  impedence of t h e  connection 
between t h e  cathode d ischarge  and t h e  main d ischarge  which 
c o n t r o l s  t he  v o l t a g e  drop through which t h e  primary e l e c t r o n s  
are acce le ra t ed .  The vo l t age  a t  t h e  b a f f l e  e x i t  g ives  t h e  
energy t o  t h e  e l e c t r o n ,  thereby c o n t r o l l i n g  t h e  amount of 
i o n i z a t i o n  i n  t h e  main d ischarge .  

L i t t l e  has been done i n  t h e  p r e s e n t  study on t h e  e f f e c t  
o f  t h e  b a f f l e  open a rea :  a t t e n t i o n  has  been concentrated on 
t h e  use of a c o n i c a l  b a f f l e  i n s t e a d  of t h e  f l a t  one. The i n -  
t e n t  of t h e  c o n i c a l  b a f f l e  w a s  t o  decrease  t h e  n e u t r a l  atom 
d e n s i t y  wi th in  t h e  hollow-cathode d ischarge  reg ion  by reducing 
t h e  r e s i s t a n c e  to  flow of n e u t r a l s  leav ing  t h e  po le  p i ece  
i n t e r i o r .  

Figure 7 i s  a ske tch  of t h e  con ica l  b a f f l e  conf igu ra t ion  
used i n  t h e  tests. The c o n i c a l  b a f f l e  w a s  designed t o  p r e s e n t  
t h e  same open a r e a  t o  t h e  d ischarge  a s  t h e  f l a t  b a f f l e  used 
i n  ear l ier  tests. 

The e f f e c t  of b a f f l e  geometry i s  summarized i n  Figure 8 

where t y p i c a l  d a t a  obta ined  wi th  a f l a t  b a f f l e  and t h e  c o n i c a l  
one a r e  compared. 
su r f ace  area of the  con ica l  b a f f l e  causes degradat ion i n  per-  
formance t h a t  exceeds any improvement which may be r e a l i z e d  
because of t h e  geometric effect  mentioned e a r l i e r .  

It appears from t h e s e  d a t a  t h a t  t h e  increased  
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EFFECT O F  POLE PIECE GEOMETRY 

AND FIELDS ON PERFORMANCE 
* 

by G. Paluaaabo, R. Vahrenkamp, H.R. Kaufman , 
P,  Wilbur', and W.R. Mickelsen 

I n  t h e  fo l lowing  s e c t i o n s  a d e t a i l e d  d e s c r i p t i o n  of t h e  
s t u d i e s  conducted on t h e  i n s i d e  region of t h e  pole  p i e c e  w i l l  
be given. It i s  well known t h a t  s i g n i f i c a n t  i nc reases  i n  
discharge l o s s e s  r e s u l t  from replac ing  an oxide cathode with 
a hollow cathode i n  an electron-bombardment ion  t h r u s t e r .  It  

has  been suggested t h a t  t h i s  i nc rease  i s  due t o  an excess ive  
ion  f l u x  t o  t h e  i n s i d e  w a l l s  of t h e  po le  p i e c e  region ( r e f .  2 1 .  

Several  a t tempts  fm decrease  t h e s e  l o s s e s  w i l l  be descr ibed.  

The changes made t o  t h e  hollow cathode region inc lude  
changes i n  t h e  volume of  t h e  discharge region and magnetic 
and e lectr ic  f i e l d s ,  The phys ica l  geometry of t h e  po le  p i e c e ,  
cathode and keeper  w e r e  n o t  a l t e r e d .  -Preliminary i n v e s t i g a t i o n  
of  t h e  e f f e c t  of a magnetic f i e l d  i n s i d e  t h e  pole  p i ece  has 
been r epor t ed  (ref, 3), and another  s i m i l a r  i n v e s t i g a t i o n  i s  
being 'conducted elsewhere ( r e f .  4 ) .  

Simple Solenoid 

An improvement w a s  made t o  t h e  po le  p i ece  reg ion  by 
changing t h e  magnetic conf igu ra t ion  i n s i d e  by applying an 
i n t e r n a l  magnetic f i e l d  thereby reducing e l e c t r o n  migrat ion 
t o  t h e  wa l l s .  I t  w a s  presumed t h a t  t h e  changes i n  t h e  ion- 
d r i f t  e lec t r ic  f i e l d  caused by reduct ion  of t h e  e l e c t r o n  c u r r e n t  
t o  t h e  w a l l s  would i n  t u r n  reduce t h e  ion  w a l l  f l u x ,  i n  a manner 
s i m i l a r  t o  t h a t  observed i n  t h e  main chzmber. 

* 
doc to ra l  candida te  

'Assis tant  P ro fes so r  of Mechanical Engineering 



The i n t e r n a l  f i e l d  w a s  appl ied  by t h e  use of a 21-turn 
so lenoid  winding of diameter  c l o s e  t o  t h e  po le  p i e c e  diameter  
as shown i n  P igure  9 .  

p i ece  c o i l  i s  such t h a t  i t s  f i e l d  opposes t h e  main f i e l d ,  
t h e  f i e l d  conf igu ra t ion  of Figure 1 0  w a s  obtained.  Performance 
d a t a  a r e  p re sen ted  i n  F igure  11. The d a t a  show a decrease i n  
d ischarge  l o s s e s  as t h e  cathode f i e l d  i s  increased.  For con- 
venience, the effect of such a f i e l d  on performance a t  9 0 %  m a s s  ' 

u t i l i z a t i o n  i s  g iven  i n  Figure 1 2 ,  whi le  Figure 13 shows t h e  
e f f e c t  of  t h e  f i e l d  on d ischarge  vo l t age  and beam c u r r e n t .  

When t h e  c u r r e n t  i n  t h e  cathode po le  

When t h e  cathode-pole-piece c o i l  i s  ca r ry ing  a c u r r e n t  
i n  such a d i r e c t i o n  as t o  a id  t h e  main f i e l d  i n  t h e  cathode 
pole  p i ece ,  the  magnetic f i e l d  conf igu ra t ion  of F igure  1 4  w a s .  
obtained. The performance d a t a  obtained w i t h  such a f i e l d  and 
w i t h  t h e  5-cm diameter  s h i e l d  i n  p l ace ( sh ie1ds  are d iscussed  i n  
a l a t e r  s e c t i o n )  are presented i n  Figure 15. These d a t a  show a 
genera l  decrease i n  performance with i n c r e a s i n g  cathode f i e l d .  

By examination of Figures  1 0  and 1 4 ,  i t - ,  is ev iden t  t h a t  
when t h e  cathode magnetic f i e l d  opposes t h e  main f i e l d ,  t h e  
r e s u l t i n g  f i e l d  l i n e s  tend t o  d iverge  j u s t  upstream of  t h e  
b a f f l e .  This divergence of f i e l d  l i n e s  appears t o  be such a s  
t o  encourage e l e c t r o n  flow toward t h e  annular  opening between 
t h e  b a f f l e  and t h e  p o l e  p iece .  The u l t i m a t e  f i e l d  conf igu ra t ion  
may be one where a c r i t i c a l  f i e l d  l i n e  reaches from t h e  cathode 
t o  t h e  b a f f l e  a p e r t u r e ,  much a s  suggested i n  r e fe rence  5 f o r  t h e  
main d ischarge .  As an approach t o  t h i s  concept,  a double 
so lenoid  conf igu ra t ion  was t r i e d ,  a s  descr ibed  i n  t h e  next  s e c t i o n .  

Double Solenoid 

From i n s p e c t i o n  of Figure 1 0 ,  it can be seen t h a t  t h e  
magnetic f i e l d  l ines  t h a t  pass  near  t h e  b a f f l e  a p e r t u r e  do 
n o t  o r i g i n a t e  n e a r  t h e  cathode. Displacement of t h e s e  f i e l d  
l i n e s  inwards t o  be near  t h e  cathode could be accomplished by 
t h e  a d d i t i o n  of another  so lenoid  c o i l  a s  shown i n  Figure 16(a). 
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Typical  magnetic f i e l d  conf igu ra t ions  wi th  t h e  secondary c o i l  
are shown i n  F igure  1 6 ( b )  shows t h e  magnetic f i e l d  shape when 

t h e  secondary c o i l  i s  a i d i n g  t h e  main f i e l d ,  and when t h e  
s ing le-so lenoid  c o i l  i s  opposing t h e  main f i e l d .  

The magnetic conf igu ra t ion  shown i n  Figure 1 6 ( b )  approaches 
m o s t  n e a r l y  t h e  i n t e n t  of forming a c r i t i c a l  f i e l d  l i n e  reaching  
f r o m  t h e  cathode t o  t h e  b a f f l e  ape r tu re .  C o i l  c u r r e n t s  used 
i n  ob ta in ing  t h e  p a t t e r n s  shown i n  F igures  1 6 ( b )  and (c) w e r e  
greater than  those  used i n  t h r u s t e r  opera t ion .  From i n s p e c t i o n  
of t h e  f i e l d  p a t t e r n  shown i n  F igure  1 6 ( b ) ,  it can be surmised 
t h a t  t h e  t h r u s t e r  d a t a  was taken a t  less-than-optimum f i e l d  
s t r e n g t h s .  

where it i s  e v i d e n t  t h a t  t h e  performance i s  improved by i n c r e a s i n g  
t h e  secondary-coi l  magnetic f i e l d  s t r e n g t h .  However, a s  shown i n  
F igures  1-7 (a )  and 1 7  ( b ) ,  t h e  mere presence of t h e  secondary co i l  
tends  t o  i n c r e a s e  t h e  discharge power. This degradat ion of  per- 
formance by t h e  presence of t h e  secondary co i l  might b e  avoided 
by t h e  use  of a c o n i c a l  s h i e l d ,  which i s  d iscussed  i n  a l a t e r  

The r e s u l t s  ob ta ined  wi th  t h i s  co i l  a r e  shown i n  Figure 1 7 ,  

s e c t i o n .  The m o s t  pronounced e f f e c t  was t h e  i m p o s s i b i l i t y  of 
running t h e  t h r u s t e r  when t h e  cathode po le  p i ece  f i e l d  was 
opposing t h e  primary cathode f i e l d .  A s  i l l u s t r a t e d  i n  F igure  
1 6 ( c ) ,  such a conf igu ra t ion  tends  toward r e s t r i c t i o n  of e l e c t r o n  
flow from t h e  cathode.  

Simple Solenoid 
wi th  B a f f l e  Solenoid 

A c o i l  was placed  on t h e  main-discharge s ide of the b a f f l e  
i n  an a t tempt  t o  shape t h e  f i e l d  l i n e s  i n  t h e  b a f f l e  a p e r t u r e  
thereby reducing e l e c t r o n  impingement on t h e  b a f f l e .  The design 
of t h e  b a f f l e  c o i l  i s  shown i n  F igure  18 .  
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Figure 1 9  summarizes t h e  e f f e c t  of t h e  b a f f l e  c o i l .  Data 
are presented  f o r  one main and primary p o l e  p i e c e  f i e l d  cond i t ion  
and var ious  b a f f l e  secondary c o i l  f i e l d  condi t ions .  H e r e ,  t oo ,  
t h e  increased  s u r f a c e  a r e a  exposed t o  t h e  main d ischarge  causes  
a degradat ion t h a t  exceeds any a n t i c i p a t e d  improvement. I n  
a d d i t i o n ,  t h e  c o i l  may not have been s u f f i c i e n t l y  l a r g e  t o  
d e f l e c t  e l e c t r o n s  away from t h e  c o i l  t o  t h e  e x t e n t  a n t i c i p a t e d .  
For t h i s  experiment, there  a r e  d i sc repanc ie s  i n  t h e  sets of d a t a  
presented.  I n  F igure  1 9 ( a ) ,  it seems t h a t  t h e  b a f f l e  c o i l  had 
a p o s i t i v e  effect  i n  reducing d ischarge  losses, whi le  i n  F igure  
19(b), t h e  b a f f l e  co i l  seems n o t  t o  have any e f f e c t  a t  a l l .  The 
causes of these d i sc repanc ie s  are n o t  known a t  t h e  p r e s e n t  t i m e .  
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SHIELDS 

by G, Palu 0 ,  R. Vahrenkamp, and D. F i t z g e r a l d  
* 

Attempts t o  improve performance by v a r i a t i o n s  of t h e  po le  
p i ece  geometry w e r e  mainly focused on decreasing t h e  volume of 
t h e  d ischarge  region by adding s h i e l d s  of  d i f f e r e n t  diameters  
and shapes so as to decrease  t h e  a r e a  exposed t o  t h e  cathode 
region ion  f lux .  

C y l i n d r i c a l  Shie lds  

The po le  p i e c e  volume w a s  v a r i e d  by i n s e r t i n g  s t a i n l e s s  
s teel  s h i e l d s  of v a r i o u s  diameters i n  t h e  manner i l l u s t r a t e d  
i n  Figure 20. The b a f f l e s  used with each s h i e l d  w e r e  selected 
so t h e  r a t i o  of apen-area t o  colsed-area between t h e  cathode 
and main d i s c h a r g e  reg ion  was roughly cons tan t .  All. b a f f l e s  
and s h i e l d s  w e r e  al lowed t o  f l o a t .  

I n  Figure 2Es d a t a  taken with t h e  c y l i n d r i c a l  s h i e l d s  
are summarized. They sugges t  t h a t  a reduct ion  of s u r f a c e  
area i n  t h e  d i scha rge  reg ion  of t h e  pole  p i e c e  does reduce 
t h e  d ischarge  losses by reducing ion  f l u x  t o  t h e  wa l l s  up t o  
a poin t .  Fu r the r  r e d u c t i o n  i n  su r face  area by reducing t h e  
s h i e l d  i s  i n e f f e c t i v e .  

5-cm diameter  s h i e l d s .  The combined e f f e c t  of both t h e  
5 - c m  diameter s h i e l d  and a cathode f i e l d  i s . i l l u s t r a t e d  i n  
Figure 2 2 .  This f i g u r e  shows a decrease i n  d ischarge  losses 
with i n c r e a s i n g  cathode f i e l d ,  b u t  t h e  improvements are no t  
as s i g n i f i c a n t  as when t h e  cathode po le  p i e c e  works alone. 
This e f f e c t  i s  b e t t e r  v i s u a l i z e d  i n  Figure 23  i n  which t h e  
e f f e c t  of cathode f i e l d  a t  9 0 %  u t i l i z a t i o n  on t h e  performance 
i s  summarized. It i n d i c a t e d  t h e r e  i s  an optimum cathode f i e l d  

* 
Graduate Research. A s s i s t a n t ,  d o c t o r a l  s tuden t  
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f o r  each main d i s c h a r g e  f i e l d .  ; T h i s  i s  confirmed i n  Figure 24, 
where t h e  effects of f i e l d  on arc vo l t age  and beam c u r r e n t  are 
repor ted .  The arc vo l t age  and beam c u r r e n t  a r e  both increased  
by about 4%; i n  comparison, t h e  conf igu ra t ion  without  s h i e l d  
(Figures  9 and 13) had an i n c r e a s e  of  about 6.5% of both arc 
vo l t age  and beam c u r r e n t  when t h e  cathode f i e l d  w a s  app l i ed .  
This  d i f f e r e n c e  might be due t o  experimental  e r r o r ,  a l though 
t h e  cons is tency  of t h e  d a t a  suggests  t h e r e  may b e  an a c t u a l  
t rend .  B a f f l e  open areas wi th  var ious  conf igu ra t ions  are 
l i s t e d  i n  Table I. Presence of t h e  co i l  i n  the  s ing le-so lenoid  
conf igu ra t ion  m a y  have been respons ib le  f o r  a r educ t ion  i n  t h e  
open area shown i n  Table I ,  bu t  it can be concluded t h a t  t h e  
open a r e a  i s  cons iderably  less f o r  t h e  5-cm s h i e l d  conf igu ra t ion ,  
which impl i e s  a greater impedence between t h e  cathode d ischarge  
and t h e  main d i scha rge  f o r  t h a t  conf igu ra t ion .  This  i s  borne 
ou t  by comparison of F igures  13 and 2 4  which shows t h a t  t h e  

5-cm s h i e l d  c o n f i g u r a t i o n  has  a h ighe r  base  (zero  cathode 
c o i l  c u r r e n t )  d i scha rge  vol tage .  However, t h e  presence of 
t h e  5-cm diameter  s h i e l d  i n  the  b a f f l e  open-area reg ion  may 
be i n g e r f e r i n g  with t h e  magnetic f i e l d  conf igu ra t ion  (see 
Figure 10) as i n d i c a t e d  by t h e  d a t a  i n  Figure 25 which i s  d i s -  
cussed below. I f  t h i s  reasoning i s  correct, then g r e a t e r  
changes i n  beam c u r r e n t  and a r c  vo l t age  should be expected f o r  
t h e  s ing le - so leno id  conf igu ra t ion  w i t h  no s h i e l d .  D e f i n i t e  
reasons f o r  t h e s e  t r e n d s  can be e s t a b l i s h e d  only with a d d i t i o n a l  
da t a .  

Small c y l i n d r i c a l  s h i e l d .  The e f f e c t s  of t h e  smal le r  
s h i e l d  (3.5-cm diameter )  are given in Figure  25 and it i s  
ev ident  t h a t  w i t h  t h i s  conf igu ra t ion  t h e  e f f e c t  of t h e  c o i l  
on performance i s  reve r sed ,  s i n c e  t h e  ev/ion i n c r e a s e s  with 
inc reas ing  cathode-pole-piece f i e l d .  A s  d i scussed  above, it 
i s  be l i eved  t h a t  t h e  presence of s h i e l d s  nea r  t h e  b a f f l e  open 
area-may i n t e r f e r e  wi th  t h e  magnetic f i e l d  i n s i d e  t h e  po le  p i ece  
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thereby i n c r e a s i n g  t h e  d ischarge  power. Future  experiments 
wi th  shortened s h i e l d s  may bea r  o u t  t h i s  explanat ion.  

Conical Shie ld  

The l a s t  a t tempt  t o  change t h e  po le  p i ece  geometry was 
made by using a c o n i c a l  s h i e l d  as i n  F igure  26.  This  s h i e l d  
seems t o  reduce t h e  d i scha rge  losses a t  high mass u t i l i z a t i o n  
as i s  apparent  i n  F igure  27. I n  t h i s  f i g u r e ,  t h r e e  cases are 
compared; t h e  5-cm diameter  c y l i n d r i c a l  s h i e l d  with and without  
a secondary c o i l ,  and t h e  c o n i c a l  s h i e l d ,  a11 wi th  no cathode 
f i e l d  appl ied .  F r o m  t h i s  graph it appears t h a t  t h e  c o n i c a l  
s h i e l d  i s  s l i g h t l y  m o r e  e f f e c t i v e  than t h e  c y l i n d r i c a l  s h i e l d  
a t  high u t i l i z a t i o n .  

The e f f e c t s  of f l o a t i n g  s u r f a c e s  and grounded s u r f a c e s  i n  
t h e  cathode pole  p i e c e  reg ion ,  a r e  compared i n  Figure 28. These 
d a t a  w e r e  ob ta ined  wi th  t h e  con ica l  s h i e l d  grounded and f l o a t i n g ,  
and they i n d i c a t e  a s l i g h t  improvement i n  performance when t h e  

s h i e l d  i s  f l o a t i n g .  
The e f f e c t  of bo th  c o n i c a l  s h i e l d  and cathode-pole-piece 

f i e l d  are shown i n  F igure  29 f o r  t h e  case of t h i s  s h i e l d  a t  
cathode p o t e n t i a l  and i n  F igure  30 f o r  t h e  s h i e l d  a t  f l o a t i n g  
p o t e n t i a l .  These f i g u r e s  show t h a t  s l i g h t  improvements i n  
performance can be achieved by applying a magnetic f i e l d  i n  
t h e  cathode d i scha rge  reg ion  wi th  s h i e l d s  p re sen t .  

due t o  holding a t  cathode p o t e n t i a l  o r  f l o a t i n g  t h e  s h i e l d  i s  
minor. Comparison o f  t h e s e  d a t a  with those  of Figure 27 shows 
t h e  c o n i c a l  and c y l i n d r i c a l  s h i e l d s  are equa l ly  e f f e c t i v e  i n  
improving performance. 

A1 i l l u s t r a t e d  i n  Figure 31, t h e  d i f f e r e n c e  i n  performance 
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PLASMA FLUCTUATIONS 

by D. F i t z g e r a l d  

An x-y o s c i l l o s c o p e  w a s  i n s t a l l e d  i n  t h e  f a c i l i t y  s e v e r a l  
months ago t o  monitor t h e  vo l t age  and c u r r e n t  c h a r a c t e r i s t i c s  
of t h e  arc, magnet, and keeper power supp l i e s  i n  o r d e r  t o  
a s c e r t a i n  t h e  amount of  r i p p l e  p r e s e n t  during t h r u s t e r  operation' .  
The o s c i l l o s c o p e  w a s  a l s o  used t o  observe t h e  vol tage-cur ren t  
c h a r a c t e r i s t i c s  of a Langmuir probe and t h e  vo l t age  response 
of a f l o a t i n g  emiss ive  probe pos i t i oned  wi th in  t h e  t h r u s t e r .  
The fol lowing observa t ions  a r e  f o r  t h e  p re sen t  mostly q u a l i t a t i v e  
f o r  reasons which w i l l  be given below. 

The power s u p p l i e s  under s c r u t i n y  mentioned above w e r e  
t e s t e d  beforehand wi th  pure ly  r e s i s t i v e  loads.  The resistors 
were chosen such t h a t  t h e  load would be  comparable t o  t h e  
maximum power requirements which might be m e t  dur ing  t h r u s t e r  
opera t ion .  The amount of r i p p l e  p r e s e n t  under maximum c u r r e n t  
condi t ions  w a s  n o t  considered unreasonable (about 1 0 %  f o r  t h e  
magnet and keeper ,  and less than 5% f o r  t h e  a r c  supp ly ) .  

condi t ions  w e r e  found t o  be  cha rac t e r i zed  by t h e  presence of 
high frequency d i s tu rbances  (on t h e  o r d e r  of 20 k c ) .  A l l  t h r e e  
power s u p p l i e s  showed c u r r e n t  f l u c t u a t i o n  amplitudes t h a t  were 
considerably l a r g e r  (on t h e  o rde r  of t h e  DC c u r r e n t  s i g n a l  i t s e l f )  
than  t h e  keeper c u r r e n t  d i s turbance .  

The t h r u s t e r  w a s  normally run with t h e  magnet c u r r e n t  a t  

The same parameters taken under a c t u a l  t h r u s t e r  ope ra t ing  

about 1 . 7  amperes where t h e  observed frequency was approximately 
20 kc. The frequency of t h e  d i s tu rbance  inc reases  i n  nea r ly  
a l i n e a r  fash ion  wi th  inc reases  i n  magnet c u r r e n t  'over a range 
from about 0 .5  t o  2 .5  amperes (where t h e  d ischarge  becomes h igh ly  
u n s t a b l e ) .  The d i s tu rbance  appears t o  change mode and couple t o  
a l o w e r  frequency (puls ing)  s i g n a l  a t  less than 0 .5  amperes 
magnet c u r r e n t .  The amplitude of a l l  t h e s e  f l u c t u a t i o n s  appear 
t o  be dependent on t h e  l e v e l  of arc c u r r e n t  and t o  a lesser e x t e n t  
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on t h e  magnet c u r r e n t .  The amplitude and frequency are reduced 
by a f a c t o r  of t w o  when t h e  beam i s  n o t  being e x t r a c t e d .  These 
observa t ions  w e r e  made during experiments d i r e c t e d  a t  o t h e r  a r e a s ;  
t h e r e f o r e ,  t h e r e  w a s  n e i t h e r  t i m e  nor  t h e  proper  f a c i l i t i e s  t o  
completely explore  t h i s  phenomena. Many changes w e r e  made on t h e  
power-supply f i l t e r s  i n  an a t tempt  t o  remove t h e s e  f l u c t u a t i o n s .  
These changes b e n e f i t e d  t h e  keeper  power supply b u t  had l i t t l e  
e f f e c t  on t h e  magnitude and frequency of t h e  magnet and arc c u r r e n t  
f l u c t u a t i o n s .  The l a c k  of  any s i g n i f i c a n t  e f f e c t  on frequency 
during t h e s e  changes apparent ly  r u l e s  o u t  t h e  l i k e l i h o o d  of a 
resonance between t h e  d ischarge  and t h e  power supply.  The f a c i l i t y  
is  p r e s e n t l y  being equipped wi th  a r e g u l a t e d  a r c  supply on loan  
from t h e  Je t  Propuls ion  Laboratory. This change w i l l  hopefu l ly  
s e t t l e  t h e  q u e s t i o n  of power supply resonance. 

A Langmuir probe placed w i t h i n  t h e  t h r u s t e r  was swept wi th  
a s a w  t o o t h  waveform w i t h  r e s p e c t  t o  cathode p o t e n t i a l .  The 
waveform was +60 v o l t s  maximum a t  a frequency of about 2 kc. 
The cu r ren t -vo l t age  c h a r a c t e r i s t i c s  were d isp layed  on t h e  x-y 
osc i l l o scope  u t i l i z i n g  a 1 0  ohm shunt  r e s i s t o r  t o  measure t h e  

probe c u r r e n t  drawn. The r e s u l t i n g  d i s p l a y  i n d i c a t e d  t h e  pre- 
sence of o s c i l l a t i o n s  s i m i l a r  t o  those  found by previous 
workers ( F i j u r e  9 of r e fe rence  6). 

r e fe rence  7,  w a s  p laced  i n  t h e  same p o s i t i o n  a s  t h e  Langmuir 
probe. The c u r r e n t  t o  t h e  emissive probe h e a t e r  w a s  i nc reased  
up t o  a p o i n t  where t h e  f l o a t i n g  probe p o t e n t i a l  (with r e s p e c t  
t o  cathode)  d i d  n o t  change s i g n i f i c a n t l y  wi th  f u r t h e r  i n c r e a s e s  
i n  h e a t e r  c u r r e n t .  When t h i s  cond i t ion  w a s  m e t ,  t h e  probe w a s  

A f l o a t i n g  emiss ive  probe, s i m i l a r  t o  t h e  one descr ibed  i n  

assumed t o  be  a t  o r  nea r  t h e  l o c a l  plasma p o t e n t i a l .  The mean 
value of t h e  plasma p o t e n t i a l  w a s  about t h e  same as t h e  arc 
vo l t age  (30 v o l t s )  and it demonstrated c h a r a c t e r i s t i c s  almost 
i d e n t i c a l  t o  t h e  arc vo l t age  i n  t h e  magnitude (about 5 vol ts ' )  
and frequency of t h e  f l u c t u a t i o n s  p re sen t .  The s i z e  of t h e  

noise  envelope on t h e  Langmuir probe c h a r a c t e r i s t i c s  mentioned 
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above i s  i n  l i n e  wi th  t h i s  5 v o l t  f i g u r e ;  t h e r e f o r e ,  it may be 
s u b s t a n t i a l l y  e l imina ted  by r e fe renc ing  t h e  Langmuir probe 

sweep t o  t h e  local  plasma p o t e n t i a l .  Assuming t h e  a d d i t i o n  of 
t h e  r e g u l a t e d  arc supply does n o t  e l i m i n a t e  t h e s e  f l u c t u a t i o n s ,  
t h e  fo l lowing  f u t u r e  experiments are suggested from t h e  obser- 
va t ions  mentioned above. 

The plasma p o t e n t i a l  throughout t h e  t h r u s t e r  w i l l  
be compared t o  t h e  a r c  vo l t age  t o  determine whether 
c o r r e l a t i o n s  e x i s t  i n  t h e  wave shape and phase. 
This  experiment would n e c e s s i t a t e  t h e  use of a dua l  
t r a c e  o s c i l l o s c o p e  and a movable emissive probe. 

A Langmuir probe w i l l  b e  swept wi th  r e s p e c t  t o  t h e  
local plasma p o t e n t i a l  by means of an emissive 
probe i n  close proximity t o  t h e  Langmuir probe. 
This  r e q u i r e s  t h e  use of an emi t te r - fo l lower  
a m p l i f i e r  i n  conjunct ion wi th  t h e  emissive probe 
t o  e s t a b l i s h  t h e  plasma p o t e n t i a l  re fe rence .  

The frequency power spectrum of t h e  d i s tu rbance  
should be measured as a func t ion  of t h r u s t e r  
parameters and t h e  r e l a t i o n s h i p  between t h e  
power spectrum and t h r u s t e r  performance should 
be  e s t a b l i s h e d .  

S i m i l a r i t i e s  between t h e s e  phenomena and o t h e r  
obse rva t ions  commonly r e f e r r e d  t o  as plasma turbulence .  
should be  explored.  I n  p a r t i c u l a r ,  innovat ions 
which have succeeded i n  reducing t h e  turbulence  
should be attempted. For example, c e r t a i n  types  
of i n s t a b i l i t i e s ' h a v e  been suppressed by t h e  a d d i t i o n  
of a quadrupole magnetic f i e l d  app l i ed  t r a n s v e r s e  
t o  t h e  a x i a l  magnetic f i e l d  i n  a Penning d ischarge  
( r e fe rence  8 ) .  A quadrupole magnetic f i e l d  a lso has  

been app l i ed  t o  a mercury bombardment thruls ter  
( r e fe rence  9), and was found t o  a t t e n u a t e  t h e  
f l u c t u a t i o n s .  
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CONCLUDING DISCUSSION 

It h a s  been po in ted  o u t  t h a t  a con ica l  b a f f l e  o r  t h e  use 
of a f i e l d  c o i l  on t h e  o u t s i d e  of  a f l a t  b a f f l e  r e s u l t s  i n  a 
degradat ion i n  performance. It appears t h i s  occurs because of 
t h e  increase of  s u r f a c e  a r e a  exposed t o  t h e  d ischarge  on which 
ions  can recombine. The c o i l  had t h e  f u r t h e r  disadvantage of  
being a t  cathode p o t e n t i a l  and it t h e r e f o r e  d i s t o r t e d  t h e  
electric f i e l d  lines w i t h i n  t h e  main d ischarge  region.  

shown t o  b e  an effect ive means of  improving performance. 
Improvements of about  30  ev/ion a t  9 0 %  u t i l i z a t i o n  have been 
achieved appa ren t ly  because of t h e  reduct ion  i n  s u r f a c e  a r e a  
wi th in  t h e  cathode d ischarge  region.  The shape of  t h e  s h i e l d  
(conica l  o r  c y l i n d r i c a l )  seems t o  have minor e f f e c t  on pe r fo r -  

mance, and f l o a t i n g  s h i e l d s  tend t o  produce very s l i g h t  i m -  
provements above the  case of  s h i e l d s  he ld  a t  cathode p o t e n t i a l .  
Very s m a l l .  d iameter  s h i e l d s  produce i n c r e a s e s  i n  d ischarge  
losses. I t  i s  p o s s i b l e  t h a t  t h i s  degradat ion of performance 
occ.urs because of t h e  opposing e f f e c t s  of reduced su r face  a r e a  
i n s i d e  t h e  po le  p i e c e ,  and of increased  ion  dens i ty .  A s  s h i e l d  
diameter i s  decreased,  t h e  su r face  a r e a  decreases  i n  propor t ion  
t o  diameter d. However, t h e  f l o w  c ros s - sec t iona l  a r e a  decreases  
i n  propor t ion  t o  d , hence ion  dens i ty  inc reases  faster than 
su r face  a r e a  i s  decreased. 

Shie lds  i n s t a l l e d  wi th in  t h e  cathode pole  p i ece  have been 

2 

S i g n i f i c a n t  improvements i n  performance (about 20 ev/ion 
a t  9 0 %  u t i l i z a t i o n )  have been observed when an a x i a l  magnetic 
f i e l d  i s  app l i ed  w i t h i n  t h e  cathode d ischarge  region.  This  i s  
probably due t o  increases i n  e l e c t r o n  dens i t i e s  and e l e c t r o n  
energ ies  i n  the main d ischarge  region.  These e f f e c t s  were 
discussed i n  r e f e r e n c e  2. There a r e  two p o s s i b l e  reasons why 
t h e  f i e l d  is most e f f e c t i v e  when it i s  opposing t h e  main f i e l d .  
The f i e l d  a i d s  i n  e x t r a c t i o n  of e l e c t r o n s  from t h e  pole-piece 
region i n t o  t h e  main d ischarge  thereby inc reas ing  t h e  number of 

primary e l e c t r o n s  i n  t h e  main chamber. Such inc rease  i n  primary 
e l e c t r o n s  w i l l  r esu l t  i n  a h igher  i o n i z a t i o n  p r o b a b i l i t y  (and 

h igher  i o n  d e n s i t y ) ,  and t h e r e f o r e  a l a r g e r  beam c u r r e n t .  
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The o t h e r  effect  khat i s  ev iden t  i s  an i n c r e a s e  of d ischarge  
vol tage  and t h e r e f o r e  h ighe r  energy primary e l e c t r o n s .  
effects reach an' optimum beyond which t h e  cathode pole-piece 
f i e l d  i s  i n e f f e c t i v e .  

These 

Reductions in s h i e l d  a r e a  have t h e  tendency t o  decrease  
t h e  d ischarge  losses to a p o i n t ,  beyond which f u r t h e r  reduct ion  
i s  i n e f f e c t i v e  o r  even d e l e t e r i o u s .  A p o s s i b l e  explana t ion  
of t h i s  a r e a  e f f e c t  i s  t h a t  t h e  reduct ion  of  a rea  exposed 
t o  t h e  d ischarge  reduces t h e  ion  f l u x  t o  t h e  wa l l s .  As t h e  
s h i e l d  diameter  is decreased,  however, t h e  c ros s - sec t iona l  a r e a  
f o r  p r o p e l l a n t  f low i s  a l s o  reduced, thereby  inc reas ing  t h e  ion  
dens i ty .  The o v e r a l l  e f f e c t  is  one where very small  s h i e l d  
diameters may cause excess ive ly  high ion  d e n s i t i e s ,  w i th  a n e t  
i nc rease  i n  ion  loss t o  t h e  wa l l s .  

The second p o s s i b l e  explana t ion  could be t h e  comparison be- 
tween t h e  s o l i d  ang le  f o r  e l e c t r o n  escape t o  t h e  main d ischarge ,  
and t h e  a r e a  e f f e c t .  As long as t h e  a r e a  reduct ion  does n o t  
g r e a t l y  a f f e c t  t h e  s o l i d  angle ,  i n c r e a s e s  i n  performance w i l l  
r e s u l t .  A f u r t h e r  reduct ion  of a r e a  w i l l  reduce t h e  s o l i d  angle  
t o  a p o i n t  where t h e  e l e c t r o n  pa th  w i l l  be g r e a t l y  a f f e c t e d ,  and 
a decrease i n  performance w i l l  r e s u l t .  

The e f f e c t  of combination of s h i e l d  and s ingle-so lenoid  
could be expla ined  by consider ing t h e  arc vo l t age  and beam c u r r e n t .  
The performance increases as beam c u r r e n t  i s  increased  a t  the same 
a r c  power, The beam c u r r e n t  can be increased  by an i n c r e a s e  i n  
i o n i z a t i o n  i n  t h e  chamber and i o n i z a t i o n  i s  e f f e c t e d  by t h e  number 
of primary e l e c t r o n s  and t h e  energy given t o  them. 

magnetic f i e l d  h a s  t h e  tendency t o  i n c r e a s e  t h e  arc vo l t age  
and therefore i n c r e a s e  t h e  energy given t o  t h e  e l e c t r o n s .  Also, 
reduct ion of w a l l  a r e a  by u s e  of s h i e l d s  has  a tendency t o  
inc rease  t h e  a r c  vo l t age .  However, t h e s e  t r ends  are n o t  a d d i t i v e ;  
perhaps because Large reduct ions  i n  s h i e l d  diameter r e q u i r e  much 
g r e a t e r  magnetic f i e l d  s t r e n g t h s  i n s i d e  t h e  pole  p i ece  reg ion  f o r  
t h e  same improvement i n  e l e c t r o n  e x t r a c t i o n .  
t a ined  so f a r ,  t h e  e f f ec t  o f  a secondary c o i l  i s  n o t  c l e a r .  

, F u r t h e r  d a t a  should be  taken over  a wide r  range of magnetic f i e l d  

I t  has  been poin ted  o u t  prev ious ly  t h a t  a s ing le-so lenoid  

From t h e  d a t a  ob- 

s t r e n g t h s ,  and supported wi th  f i e l d - p a t t e r n  measurements. 
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TABLE I - B a f f l e  open a reas  f o r  var ious  conf igura t ions  
( including baf f le-support  blockage) . 

i n s i d e  
diam., 

conf i su ra t ion  c m  . 
pole-piece alone 6.35 
single-solenoid c o i l  5.6 

5-cm s h i e l d '  
3.5-cm s h i e l d  

5.08 
3 . 5  

conica l  s h i e l d  5 .08  

b a f f l e  
diam. I 

c m  . 
5.4 
5.08 

4.26 

3.1 
4.26 

b a f f l e  
open f lotr7 
a rea ,  a r e a ,  
sq. cm.  sq. cm. 

6.4 31.6 
9.0 24.7 

3.6 20.2 

1.8 10.2 

3.6 20.2 
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1 - E f f e c t  of e l e c t r o d e  spacing and magnet c u r r e n t  on 
d i scha rge  power. 
u t i I i z a t i o n  e f f i c i e n c y ,  90%.  

Elec t rode  vo l t ages ,  3 2  kl’lovolts;  
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F I G .  2 - E f f e c t  of e l e c t r o d e  spacing and e l e c t r o d e  vo l t ages  

on d i s c h a r g e  power. 
u t i l i z a t i o n  e f f i c i e n c y ,  9 0 %  

Magnet c u r r e n t ,  1 . 9  amperes; 
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FIG. 3 - Effect of electrode spacing on accelerator 
impingement. Magnet current, 1.9 amperes; 
utilization efficiency, 90%. 
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FIG. 4 - Effect of e l e c t r o d e  vol tages  on d ischarge  power. 

Electrode spac ing ,  0.055-inch; u t i l i z a t i o n  
e f f i c i e n c y ,  9 0 % .  
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FIG.  5 - Effect of propellant flow rate on discharge 
p o w e r .  E lec t rode  spacing, 0.060-inch; e lec t rode  
wol tages ,  k 2 kilovolts; magnet c u r r e n t ,  1.9 amperes. 
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F I G .  6 - E f f e c t  of p rope l l an t  flow ra te  on a c c e l e r a t o r  
d r a i n  c u r r e n t .  Grid spac ing ,  0.060-inch; 
electrode vo l t ages ,  k 2 k i l o v o l t s ;  magnet 
currenk I 1 . 9  amperes. 



Conical 
Hollow B a f f l e  Cathode 

Cathode Pole Piece 

F I G .  7 - Conical b a f f l e  i n  cathode p o l e  p iece .  Pole  
p i ece  i n s i d e  diameter ,  6 .3  cm;  po le  p i e c e  
l eng th ,  6 .3  cm;  b a f f l e  diameter ,  5 . 4  c m ;  
b a f f l e  depth,  2 .2  c m . ;  b a f f l e  a t  cathode 
p o t e n t i a l .  
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conica l  b a f f l e ,  6 . 4  gm,/hr; magnet cu r ren t ,  1 . 9  ampere ; 
b a f f l e  a t  cathode p o t e n t i a l .  

Tota l  flow rate  
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F I G .  9 - Cathode p o l e  p i e c e  c o i l  configurqt8on. Cod1 
a t  cathode p o t e n t i a l ,  diameter 5 .6  c m , ,  l e n g t h  
5 c m . ,  420  turns/meter.  Baf f le , ’  f loatEng.  



FIG. 10 - Magnetic field w i t h  single-solenoid- cathode-coil 
opposing main field. Cathode-coil, 5 amperes; 
main magnet, 1.5 amperes e 
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(a) main magnet current, 1.5 ampere 
Discharge power with single-solenoid cathode-coil 
magnetic field opposing main rnagnetic field. Baffle 
floating; ratio of cathode flow to main flow, 0.12. 
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(b) main magnet cur ren t ,  1 . 7  ampere 
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F I G .  13. - (cont.') 
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(e) m a i n  magnet c u r r e n t ,  1 . 9  ampere 

1.0 

. 11 - (cont.) 
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FIG. 12  - Effect of cathode f i e l d  on d ischarge  l o s s e s .  
Cathode f i e l d ' o p p o s i n g ;  no s h i e l d ;  9 0 %  mass 
u t i l i z a t i o n ;  magnet c u r r e n t  1 . 9  amperes. 
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F I G .  1 3  - E f f e c t  of cathode f i e l d  on a r c  vo l t age  and 
beam c u r r e n t .  Cathode f i e l d  opposing main 
f i e l d ;  main magnet, c u r r e n t  1 . 9  amp; no s h i e l d .  
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FIG. 14 - Magnetic field with singlersolenoid cathode-cocl 
,/' 

aiding m a i n  field. Cathode-coil, 10 amperes; 
main magnet, 1.5 amperes. 
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FIG. 15 - Effect of single-solenoid cathode rnagnet2c 
field on discharge power with large floating 
cylindrical shield, and floating baffle. Total 
flow rate, 5 . 7  gm/hr; main magnet current, 1.9 amps. 

1 



cathode-coil 
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secondary-coil 
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Baffle 

I Cathode pole piece 

(a) secondary coil 

FIG. 16 - Secondary coil and magnetic field configurations. 
Diameter, 1 cm., length 2.5 cm., 480 turns/meter. 
Coil at floating potential. 
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secondary $oil aiding single-solenoid coil I both opposing 
main field; secondary coil current, 30 amperes; single- 
so lenoid  coil current, 10 amperes. - _  

secondary coil opposing single-solenoid coil, single-coil 
opposing main f i e l d ;  secondary coil current, 30 amperes; 
s5ngl.e-solenoid coil current,. 10 amperes'. 

FIG. 16 - (cont.) 
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(a) 

Effect of secondary coil and field in the cathode 
region. Main magnet current, 1.7 amperes; total 
propellant flow rate, 5.5 gm/hr. 

secondary coil current 
solenoid coil current, 

normal direction, 
0 amperes. 

single- 
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FIG. 17 - (cont.) 

(b) secondary coil current reversed directAon, 
single-solenoid coil current, 0 amperes. 
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c) secondary-coil current normal direction; 
single-solenoid coil current 5 amperes 
aiding main magnetic field. 
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FIG. 17 - (cont,) 

1,O'. 

(d) secondary-coil current reversed d3rectTon; 
single-solenoid coil current, 5 amperes aiding 
main magnetic f i e l d .  
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FIG. 17 - (cont.) 

(e) secondary-coil current normal direction; 
single-solenoid coil current, 5 amperes 
opposing main field. 



c o i l  
power 
supply 

c o i l  
power 
supply 
hollow 
cathode 
s h i e l d  
power 
supply 

M 

cathode po le  p i e c e  

F I G .  1 8  - Cathode solenoid.  conf igu ra t ion  wi th  c o i l  on 
b a f f l e .  B a f f l e  c o i l  a t  cathode p o t e n t i a l .  
Sh ie ld  diameter ,  5-cm; s h i e l d  l eng th ,  4.5-cm; 
b a f f l e  diameter, 4.25-cm; b a f f l e  co i l  diameter ,  
2-cm;  b a f f l e  l eng th ,  4 - c m ;  po le  p i ece  diameter ,  
6.3-cm; pole  'p iece  l e n g t h ,  6.3-cm; main c o i l ,  
420 turns/meter ;  b a f f l e  c o i l ,  320 turns/meter.  
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(a) variation of cathode-coil current 
(data taken Feb. 15, 1970) 

FIG. 19 .- Discharge power with baffle-coil magnetic 
field, current in reversed direction. Main 
magnet current, 1.7 amperes. Ratio of cathode/ 
main flow rates, 0.124. Total mass flow 
rate, 5.6 gm/hr. 
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FIG. 19 - (cont.) 
(b)  cathode-coil current, 0 amperes 

(data taken later on Feb. 15, 1970) 
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Cathode-coil current, amperes 

FIG. 19 - (cont.1 

(c) utilization efficiency, 80% 



( a>  l a r g e  
s h i e l d ,  5-cm 
diameter 

I 

-- 
(b) small  
sh ie lc? ,  3.5-cm 
diameter 

F I G .  20 - C y l i n d r i c a l  s h i e l d s  i n s i d e  cathode po le  p i ece .  
S h i e l d s  and b a f f l e  at f l o a t i n g  p o t e n t i a l .  
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FIG. 21 - Effect of cylindrical shields on discharge 
power. Total propellant flow rate, 5.5 to 
5.7 gm/hr; cathode/main flow with no shield 
0.14 ; cathode/main flow with shield, 0.12 ; 
main magnet currenk, 1.9 ampere; shield at 
floating potential. 

* .  
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(a3 main magnet current, 1.5 ampere 
F I G ,  22 - Eischarge power for single-solenoid cathode 

magnetic field opposing main field. 
shield and baffle floating; propellant flow 
rate, 5.7 gm/hr. 

Large 
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(b)  main magnet current ,  1 . 7  ampere 
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FIG. 22 - (cant.) 
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(c)  main magnet current, 1.9 amperes 

FIGo 22 - (cont.) 
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(d) main lmagnet current, 2.1 amperes 

FIG, 22 - (cont.) 
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cathode f i e l d  c u r r e n t ,  amperes 

23  - E f f e c t  of cathode f i e l d  on d i s c h a r g e  pcwer. 
S h i e l d  and B a f f l e  f l o a t i n g ;  u t i l i z a t i o n  
e f f i c i e n c y ,  9 0 % .  
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FIG. 2 4  - E f f e c t  of cathode f i e l d  on d ischarge  power. Sh ie ld  
and b a f f l e  a t  f l o a t i n g  p o t e n t i a l ;  main magnet c u r r e n t ,  
1 . 9  amperes; s ing le-so lenoid  c u r r e n t ,  5 amperes 
opposing main magnetic f i e l d .  
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Utilization efficiency, q u  

25 - Discharge power with small cylindrical 
shield and single-solenoid cathode coil 
magnetic field opposing main field. Main 
magnet current, 1.9 ampere; propellant 
flow rate, 5.5 gm/hr. 
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F I G .  26 - Conical shield configuration, 
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U t i l i z a t i o n  e f f i c i e n c y ,  nu 

- E f f e c t  of s h i e l d  shape on d ischarge  power. 
Main magnet c u r r e n t ,  1 . 7  amperes; s i n g l e -  
so l eno id  c o i l  c u r r e n t ,  0 amperes; sh i e lds  
and b a f f l e  f l o a t i n g ;  p rope l l an t  flow r a t e  
5.5 gm/hr. 



. 
300. 

250 

200 

.5 .6 .7 .8 .9 

Utilization efficiency 

1'. -0 

FIG. 28 - Effect of shield potential on discharge power. 
Main magnet current, 1.7 amperes; single- 
solenoid coil current, 0 amperes. 
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29 - E f f e c t  of cathode f i e l d  on d ischarge  power. 
Cathode f i e l d  opposing main f i e l d .  Main 
magnet c u r r e n t ,  1 . 7  amperes; s h i e l d s  a t  
cathode p o t e n t i a l ;  b a f f l e  a t  f l o a t i n g  po ten t i a l . .  
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F I G .  30 - E f f e c t  of cathode f i e l d  on d ischarge  power. 
Cathode f i e l d  opposing main f i e l d .  Main 
magnet c u r r e n t ,  1 . 7  amperes; s h i e l d s  and 
b a f f l e  a t  f l o a t i n g  p o t e n t i a l .  
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cathode coil c u r r e n t ,  amperes 

3 1  - E f f e c t  of cathode f i e l d  on d ischarge  power. 
Cathode f i e l d  opposing main f i e l d .  Main 
magnet c u r r e n t ,  1 . 7  amperes; u t i l i z a t i o n  
e f f i c i e n c y ,  9 0 % ;  b a f f l e  a t  f l o a t i n g  p o t e n t i a l .  


